Combining electrocatalysts and biobased adsorbents for sustainable denitrification by Ma, Zili et al.
Combining Electrocatalysts and Biobased Adsorbents for
Sustainable Denitrification
Zili Ma, Matthias Klimpel, Serhiy Budnyk, Anna Rokicinśka, Piotr Kust́rowski, Richard Dronskowski,
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ABSTRACT: Efficient treatment of domestic and industrial wastewater is
one of the major challenges of the 21st century. Among the inorganic
pollutants, nitrogen species are significant contaminants and the manage-
ment of the nitrogen cycle is one the most crucial parts of wastewater
purification. Herein, we report an integrated method that minimizes the
amount of chemicals used, can be empowered by renewable energy, uses
renewables materials for ammonia recovery, and is scalable. Complete
denitrification of wastewater was achieved by combining electrochemical
and adsorption treatment for real wastewater samples from the Stockholm
water pilot plant. About 98% of nitrate was selectively converted to
ammonia over abundant copper electrocatalysts in the presence of Na2SO4-
supporting electrolyte at −0.6 V vs reversible hydrogen electrode (RHE) within 3 h. The valorized nitrate in the form of ammonia
could be recovered by means of cheap kraft lignin-SiO2 sorbents to achieve total denitrification. The presented method is
economically feasible, scalable, and contributes to sustainable recycling within a circular economy.
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■ INTRODUCTION
The presence of complex types of contamination in domestic
and industrial wastewater is considered as one of the major
environmental issues.1,2 Organic and biologic residues,
nutrients, pesticides, detergents, metals, and suspended solids
are very common pollutants.3 Traces of medications4 and
drugs are also detected frequently in the wastewater.5,6
Untreated or improperly treated wastewater can eventually
cause diseases and threats to humans and animals. These issues
have become critical in many parts of the world and will
continue to be important for future wastewater management.
The wastewater generated from various, both industrial and
domestic, activities has to be purified before reutilization or
returning the water back into its natural cycle. Conventional
treatment technologies available for wastewater management
include physical, chemical, and biological routes.7 Generally,
more than one type of method has to be applied to purify the
water depending on the nature of the pollutants.8
Among the inorganic pollutants, nitrogen-based compounds
such as nitrates and nitrites are a serious concern and need to
be addressed. The outflowing water from a water plant is
controlled continuously because the purity must meet various
guidelines. According to the European legislation, the Nitrate
Directive determines that the maximum concentrations of
nitrate, nitrite, and ammonium cannot exceed 50, 0.1, and 0.5
mg·L−1, respectively.9 Nowadays, detrimental impacts on the
environment have occurred with considerably increasing
nitrate concentration in surface and ground waters.10 High
levels of nitrate concentration can overfertilize the soil or
change the pH value in the long term or cause eutrophication
of water bodies.11 Nitrate can be also reduced to nitrite in
living organisms, which may cause methemoglobinemia, liver
damage, or even cancer.12−14 Hence, the removal of nitrate
from water has become a topic of great environmental concern.
Although there have been several commercial denitrification
technologies developed, such as reverse osmosis, ion exchange,
and bacterial denitrification,15 these solutions are inevitably
connected to high costs of post-treatment, harsh operation
conditions, and complicated technological processes.
The need for a cost-effective and sustainable denitrification
method from discharged effluents has inspired the search for
abundant low-cost materials and effective remediation
strategies.16,17 In the past few decades, electrochemical
technologies have been explored extensively for addressing
environmental problems.18−20 The biggest advantage within
the environmental perspective is the substitution of chemical
reagents with the electric current empowered from renewable
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resources.21 Copper is a prospective electrocatalyst for the
reduction of nitrogen-containing compounds because it has a
relatively low activity for the hydrogen evolution reaction
(HER);22,23 it also exhibits low toxicity for mammals.24 This
renders copper as the metal of choice for electrochemical
reduction of nitrate.25
In a circular economy, the desired reduction product of
nitrate is ammonia because it could reduce the amount of the
latter produced by the energy-consuming Haber−Bosch
process.26 Although the electrochemical reduction of nitrate
and nitrite to dinitrogen can be performed by electrocatalysis
on simulated wastewater samples that contain no other
impurities, real wastewater has a complex composition that
makes it easier to control the further reduction process to
ammonia. Interestingly, ammonia as an industrial chemical can
be easily reclaimed from its aqueous solution via regenerated
resins or biobased adsorbent.27−32 The tailoring of sorbent
materials with respect to their surface charge and kinetics offers
opportunities for efficient removal of charged compounds from
solutions.33,34 The disadvantage of electrocatalytic nitrate
reduction is the applicability of the method to very low
concentrations because the required reaction time would
meaningfully increase the process costs.
We were interested to develop an efficient and sustainable
strategy that minimizes the application of chemicals for the
complete removal of nitrate by combining electrocatalysts and
sorbent materials (Scheme 1). We demonstrate the application
of Cu nanorods (NRs) as electrocatalysts in an environ-
mentally friendly Na2SO4 electrolyte and subsequent collection
of the final ammonia product by adsorbents. For the post-
treatment, several biobased adsorbents including biochar,
original kraft lignin, lignosulfonate-, and kraft lignin−silica
composites were employed to adsorb the remaining ammonia
and traces of nitrate and nitrite.
■ EXPERIMENTAL SECTION
Preparation of Electrodes. A changed solvothermal method
reported by Wang et al.35 was employed to grow Cu2(OH)3NO3 NRs
on the Cu substrate. Prior to use, a Cu wire of 0.2 cm in diameter was
cleaned for 15 min in an ultrasonic bath of acetone, 1 M diluted HCl
(Sigma) solution, and water, respectively. The pristine Cu was added
into a 15 mL solution of 2-propanol (>99.7%, Fisher Scientific)
solution of 0.12 g copper(II) nitrate trihydrate (Cu(NO3)2·3H2O,
>99%, Sigma) in an autoclave at 433 K for 1 h. After cooling to room
temperature, the autoclave was opened and the sample was rinsed
with ethanol and water. The dried Cu wire was annealed at 483 K for
4 h under a N2 atmosphere to yield the CuO NR coating on the bulk
Cu wire. Epoxy resin as insulation to define the geometric area for
electrochemical experiments. The Cu NRs were obtained by in situ
electrochemical CuO NRs in the electrolyte. The fabrication process
is summarized in Scheme 2.
Characterization. Powder X-ray diffraction (XRD) patterns were
recorded on an STOE STADI-P diffractometer (Cu Kα1 radiation)
equipped with a DECTRIS Mythen 1K detector in the transmission
mode. X-ray photoelectron spectroscopy (XPS) was performed with a
Prevac photoelectron spectrometer equipped with a hemispherical
analyzer (VG Scienta R3000) and a low-energy flood gun (FS40A-
PS). The spectra were recorded using a monochromatized aluminum
source Al Kα (E = 1486.6 eV). Scanning electron microscopy (SEM)
images of the Cu wire were recorded on a Leo Supra 35VP SMT
(Zeiss).
Electrochemical Denitrification. The electrochemical experi-
ments were performed in a batch reactor with the conventional three-
electrode setup. The working electrode was the Cu NR catalyst,
whereas a platinum wire and 1 M Ag/AgCl electrode were used as a
counter electrode and a reference electrode, respectively. All
potentials were recorded vs 1 M Ag/AgCl and converted vs reversible
hydrogen electrode (RHE) according to ERHE (V) = E1MAg/AgCl +
(0.059 × pH). A potentiostat (SP-150, BioLogic) operating with the
EC Lab Software package and Interface 1010T Workstation (Gamry)
was used for all electrochemical experiments. The outflowing
wastewater from the Stockholm water plant with or without 0.1 M
Na2SO4 was used in the electrolyte. Cyclic voltammetry (CV)
measurements were performed at a scan rate of 10 mV/s in static
solutions. Chronoamperometry (CA) measurements were carried out
at given potentials.
Quantitative Analysis. The concentrations of nitrates, nitrites,
and ammonia in solutions were determined spectrophotometrically
using a Biochrom WPA S800+ Visible Spectrophotometer. In the case
of nitrate analysis, the nitration of salicylic acid was considered.36 The
Griess reaction37 (Merck Spectroquant 114773 and Merck
MColortest 114658) was used for the determination of nitrites in
solutions. The indophenol method38,39 (Merck MColortest 114423)
and the reaction with the Nessler reagent in the presence of potassium
sodium tartrate were used for the quantitative determination of
ammonium ions.
Adsorption Denitrification. The post-treatment adsorption of
ammonia, as well as trace nitrate and nitrite, was carried out using
biochar (Bionaturplus, Germany), kraft lignin (dealkaline, TCI),
lignosulfonate-silica (LS-SiO2), kraft lignin-silica (CF-SiO2) compo-
sites, and the ion-exchange resin Lewatit (Lewatit K-265, Fluka).
Biochar, kraft lignin, and Lewatit were used as received without any
additional treatment. The LS-SiO2 composite was synthesized by
crosslinking lignosulfonate on the silica gel (0.075−0.250 mm, 15 nm;
Acros Organics, Belgium). The CF-SiO2 composite was synthesized
by the sol−gel method via tetraethoxysilane hydrolysis in the activated
lignin solution by 3-aminopropyltriethoxysilane. For the synthesis of
the composites, lignosulfonic acid sodium salt (LS) (Sigma Aldrich)
and membrane-filtered kraft lignin (CF) (CleanFlowBlack, Clean
Flow AB, Sweden) were used. The lignin concentrations in LS-SiO2
and CF-SiO2 composites were 17 and 680 mg·g
−1. The detailed
synthetic pathway for LS-SiO2
34 and CF-SiO2
40,41 and character-
ization of composites have been described in our previous works. The












Scheme 1. Schematic Illustration of the Combined
Electrocatalytic and Adsorption Process for Sustainable
Nitrate-to-Ammonia Conversion from Wastewater
Scheme 2. Preparation of Cu NR Electrodesa
aA Cu wire is used as a substrate for the fabrication of CuO NRs via
annealing of Cu2(OH)3NO3 nanostructures produced by the
solvothermal method. Cu NRs are obtained by means of in situ
electrochemical reduction of CuO NRs.
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where qeq is the amount of ions adsorbed per gram of the sorbent
(mg·g−1) at equilibrium, c0 and ceq are the initial and equilibrium ion
concentrations (mg·L−1) in the solution, V is the volume (L) of the
initial ion solution, and mS is the weight of the sorbent (g).
In order to study the effect of phase contact time on the adsorption
capacity of sorbents, the following conditions were applied: initial
concentration of ammonium ions, 5 mg·L−1; volume solutions, 25
mL, and the equilibrium concentrations were measured after 5−90
min. The kinetics of the adsorption process of ammonium ions in
various sorbents was investigated using pseudo-first-, pseudo-second-
order equations, and the intraparticle diffusion model.


















where qe and qt are the amounts of ions adsorbed (mg·g
−1) at the
equilibrium time and at any instant of time t, respectively, K1 (1·
min−1) is the rate constant of the pseudo-first-order adsorption, and
K2 (g·mg
−1·min−1) is the pseudo-second-order rate constant.
The Weber and Morris equation46 was applied in order to
understand the possibility of intraparticle diffusion
q K t Ct IPD
0.5= + (4)
where KIPD is the intraparticle diffusion rate (mg·g
−1·min−0.5) and C is
a constant.
Adsorption isotherms were obtained by varying the initial
ammonium ion concentration between 0.5 and 80 mg·L−1. The
sorption equilibrium data was applied to the Langmuir, Freundlich,
and Temkin models.











where ce is the equilibrium concentration of ions (mg·L
−1), qe is the
amount of the adsorbed ions (mg·g−1), and q0 and KL are adsorption
capacity (mg·g−1) and the Langmuir isotherm constant (L·mg−1),
respectively.





loge F e= + × (6)
where KF and n are the Freundlich constants related to the sorption
capacity and sorption intensity, respectively.













where cs is the concentration of ions in the solid phase (mol·g−1), bT is
the heat of adsorption (kJ·mol−1), KT is the model constant (L·g
−1), R
is the gas constant (8.314 J·mol−1·K−1), T represents the absolute
temperature (K), and ceq denotes the equilibrium concentration of
ions (mol·L−1) in the aqueous phase.49
■ RESULTS AND DISCUSSION
Structural Characterization. SEM was first carried out to
analyze the morphology of the prepared Cu catalyst. After the
solvothermal procedure, several micrometer-level clusters were
successfully grown on a Cu wire substrate (Figure S1). The
high-magnification image (Figure S1, inset) reveals that the
clusters were assembled with uniform NR arrays that were 50−
100 nm in diameter and 2−5 μm long. The XRD patterns
(Figure S2) indicate that the NRs were of the monoclinic
Cu2(OH)3NO3 phase (COD No. 1538408). After annealing at
483 K under a N2 flow, the Cu2(OH)3NO3 converted to CuO
through a topotactic reaction (SEM of CuO, Figure S3). The
conversion to CuO was confirmed by means of powder XRD
(Figure S4). Subsequently, the CuO NRs were in situ
converted to Cu NRs by electrochemical reduction at a
constant negative potential of −0.9 V vs RHE for 10 min. The
formation of Cu NRs was confirmed by means of XRD and
XPS. The XRD patterns (Figure S4) indicate that the product
had the face-centered cubic (fcc) structure of Cu (COD No.
4313207). The reflection peaks at 43.3, 50.8, 74.7, 90.7, and
95.9° correspond to the diffractions of (111), (200), (202),
(311), and (222) planes, respectively. Figure 1 presents the
XPS spectra of CuO NRs and Cu NRs. In the case of the
former, it can be confirmed that the Cu 2p3/2 characteristic
peak at 933.7 eV with the satellite peaks corresponds to Cu2+.
After the electroreduction step, the characteristic peak shifted
to 932.5 eV and became sharper, while the satellite peaks
disappeared. This shift clearly confirms the presence of metallic
copper in the surface region.
The morphologies of pristine Cu and Cu NRs were
compared via SEM. Only several small bulges and shallow
pits can be observed on the pristine Cu surface (Figure S5),
while the oxide-derived Cu NRs of irregular shape are
approximately 50−100 nm in diameter and 2−4 μm long
(Figure 2).
Figure 1. XPS spectra of CuO NRs and Cu NRs.
Figure 2. SEM images of Cu NRs. Inset: high-magnification image.
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Electrochemical Denitrification. For the sake of clarity,
all concentrations of different ions, i.e., NO3
−, NO2
−, and NH3,
are based on the nitrogen mass and given an ending “−N”.
Excess of Na2SO4 was employed as an environmentally friendly
electrolyte for electrochemical denitrification of real waste-
water samples. This provides a near-neutral environment for
the analysis of executable N-containing ions although the pH
can change upon production of ammonia. CV was first
conducted using the as-prepared Cu NR electrode with a
surface area of 9.14 cm2 in the Na2SO4 electrolyte. The first
cycle of CV curves exhibits a reduction peak of CuO, which
was formed when the electrode was stored in air (Figure 3). In
the second cycle, this cathodic current density disappears in
the same potential range. For more cathodic potentials, the
current density increases owing to the reduction reactions.
Another important phenomenon is that the CV does not show
any distinct reduction peaks even up to −1.0 V vs RHE. In the
present case, the nitrate and the related intermediate nitrite
reduction peaks are overlaid with each other and the
competitive HER.
Although the dominant HER occurs at relatively negative
potentials, high nitrate and nitrite reduction reactions can be
expected. Figure 4 depicts the CA curve recorded at −0.6 V vs
RHE with Na2SO4-supporting electrolyte. The product
concentration after CA for 3 h at −0.6 V vs RHE is
summarized in Figure 5. A significant decrease (98%) of the
nitrate was achieved after approximately 2.5 h long CA.
Notably, the ammonia concentration was increased consid-
erably, revealing that the Cu NRs are selective in the nitrate-to-
ammonia conversion. The electrolyte had consequently a more
basic pH value owing to the formation of ammonia. A similar
behavior of the nitrate electroreduction on copper in an
alkaline solution (pH 13) has been previously reported by
Reyter et al.,50 where nitrate was only reduced to nitrite at a
potential of −0.9 V vs Hg/HgO. When the applied potential
shifted to −1.4 V vs Hg/HgO, nitrate-to-ammonia took place.
Nitrite was only formed as an intermediate with very low
concentrations. This is in agreement with our observation and
the change in the concentration decay of nitrate as a function
of time indicates a typical first-order reaction.51
Although Na2SO4 is an environmentally friendly electrolyte
and can be recovered by adsorption, it is essential to evaluate
the applied electrochemical method with respect to an efficient
and economic process for an industrial water purification plant.
Within the scope of Green Chemistry, the amount of related
additives has to be minimized to achieve an efficient atom
economy.52,53
We, therefore, investigated electrochemical nitrate reduction
on Cu NR electrodes for wastewater without the addition of
Na2SO4 as a supporting electrolyte. It should be noted that
experiments were not performed on simulated wastewater
samples based on deionized water but on real wastewater
samples, which contain a higher conductivity. In the absence of
the electrolyte, the developed current density dropped by a
factor of 7 (Figure 6) and the CA at −0.6 V vs RHE developed
a cathodic current density of 0.45 mA·cm−2 (Figure 7). The
complementary quantitative analysis showed that the nitrate
concentration was only decreased by 39% and the ammonia
yield was 1.05 mg·L−1 after 3 h (Figure 8). This result indicates
that Na2SO4 is required as a supporting electrolyte for realistic
application. Although one may reduce the nitrate concen-
tration by extending the CA duration, it is inevitably connected
to higher energy costs and extremely long electrolysis time.
The quantitative analysis in Figure 8 shows that even 14 h was
not enough to achieve the nitrate concentration below 1 mg·
L−1.
Adsorption Experiment. Although 98% nitrate in waste-
water has been reduced in 3 h by means of electroreduction,
the ammonia has to be subsequently removed before being
discharged. This necessitates an integrated process for
Figure 3. CV curves of Cu NRs with a surface area of 9.14 cm2 for the
wastewater sample in 0.1 M Na2SO4 electrolyte at a scan rate of 10
mV/s. The current density relates to the geometric current density.
Figure 4. CA of the Cu NRs with a surface area of 9.14 cm2 in the
wastewater sample potential of −0.6 V vs RHE in 0.1 M Na2SO4
electrolyte. The interruption at 1.5 h is due to a short contacting
problem of the working electrode.
Figure 5. Concentration of nitrate, nitrite, and ammonia vs the
electrolysis duration. Electrode surface area A = 9.14 cm2; applied
potential = −0.6 V vs RHE, and 0.1 M Na2SO4 supporting electrolyte.
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ammonia recovery from the solution to achieve overall circular
nitrogen management. Adsorption is an effective method for
the removal of variable ions from aqueous solutions. The
possibility to run adsorption in near-neutral conditions and to
use biomaterials as adsorbents along with preserving the high
efficiency of the process renders adsorption as a sustainable
method for water purification. A variety of sorbent and
membrane materials have been previously studied for
ammonium removal.54−56 Ion-exchange resins were found to
be effective because of their good kinetics, capacity, and the
possibility to reuse.57−59 However, nowadays, synthetic ion-
exchangers are of concern owing to certain disadvantages
associated with their usage, e.g., secondary contamination by
organics from the resin, bacterial and chlorine contamination,
as well as calcium sulfate and iron fouling. In this regard, there
is an urgent need for effective and environmentally friendly
sorbents. Lignin is a macromolecule from the wood biomass
but still underutilized in comparison to cellulose. Lignin has a
unique set of functional groups that can be further chemically
modified to yield efficient adsorption. We elucidated therefore
lignin and lignin−silica composites based on lignin sulfonate
(LS-SiO2) and kraft lignin (CF-SiO2) for ammonia removal.
We also compared these sorbents with the untreated biochar
and with the synthetic cationic ion-exchange resin Lewatit.
Since the goal was to develop an integrated system together
with electrocatalytic reduction, the adsorption experiments
were carried out in the presence of 0.1 M Na2SO4 and the
most promising systems were compared with the ones without
electrolyte.
The determination of pHpzc showed that pure KL and
Lewatit are negatively charged in the studied initial pH range
from 2 to 12 (pHpzc = 2.0), whereas the biochar and lignin−
silica composites are characterized by pHpzc at 6.3, 8.0, and 8.3,
respectively (Figure 9a). The study of the influence of the
initial concentration of ammonium ions on the adsorption
capacity of the studied materials showed that all selected
sorbent materials showed adsorption activity toward ammo-
nium ions in the presence of sodium sulfate (Figure 9b). It can
be seen from Figure 9b that the lignin-based composites and
Lewatit resins are effective in the low range of initial
concentrations (≤7.5 mg·L−1) of ammonium ions in the
presence of the electrolyte. The adsorption capacities,
determined from isotherms, were found to be 4.5 mg·L−1 for
CF-SiO2, 4.9 mg·L
−1 for biochar, 5.5 mg·L−1 for KL, 5.3 mg·
L−1 for LS-SiO2, and 10.6 mg·L
−1 for Lewatit (Figure 9b). The
comparison of removal efficiency of ammonium ions by all
studied materials showed that pure KL and biochar are not
efficient for adsorption of low concentrations of ammonium
ions from the aqueous solutions. When increasing the initial
concentration of ammonium ions, the removal efficiency of
original KL and biochar drastically increased to 47−72 and
29−61% for the systems with initial concentrations of
ammonium ions ranging from 10 to 20 mg·L−1 in the presence
of Na2SO4.
The characteristic parameters were calculated from the
Langmuir, Freundlich, and Temkin isotherm models and are
summarized in Table 1. Based on the Langmuir isotherm
model, the capacity of the monolayer was found to be 8.99,
4.84, and 5.20 mg·g−1 for LS-SiO2, CF-SiO2, and KL,
respectively. The favorability of the adsorption of ammonium
ions was confirmed by the positive RL values in the range 0 ≤
RL ≤ 1. The calculated KF was highest for LS-SiO2 (3.03 mg·
g−1) and the Lewatit resin (2.98 mg·g−1). The heat of
adsorption of ammonium ions was found to be in the range
0.57−1.326 kJ·mol−1 for Lewatit, biochar, and LS-SiO2 with
the highest binding energy (KT) for biochar (3.638 L·g
−1). The
highest correlation coefficients (R2) for all models were found
for lignin-based composites (Figure S6).
According to the higher efficiency of lignin-based
composites in the range of low concentrations of ammonium
ions and their sustainability of initial components, we focused
on LS-SiO2 and CF-SiO2 composites in our following detailed
investigation of the adsorption process.
As a result of the different pulping processes for initial
lignins that were used for the synthesis of the composites, LS
lignin is characterized by the presence of sulfonic groups in
Figure 6. CV of Cu NRs with a surface area of 9.14 cm2 for the
wastewater sample without a supporting electrolyte.
Figure 7. CA of the Cu NRs with a surface area of 9.14 cm2 for the
wastewater sample without a supporting electrolyte. Applied potential
= −0.6 V vs RHE.
Figure 8. Concentrations of nitrate, nitrite, and ammonia vs the
electrolysis duration. Electrode surface area A = 9.14 cm2; applied
potential = −0.6 V vs RHE, and without a supporting electrolyte.
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addition to the set of hydroxyl and carboxyl groups present in
the structure of CF lignin. The selected lignin-based sorbents
are characterized by different concentrations of lignin in the
composite: 17 mg·g−1 for LS-SiO2 and 680 mg·g
−1 for CF-SiO2
according to thermal analysis (Figure S7). Higher content of
silica in the LS-SiO2 composite results in the higher Brunauer−
Emmett−Teller (BET) specific surface area (SBET) compared
to that in the CF-SiO2. Thus, the SBET values were 240 m
2·g−1
and 92 m2·g−1 for LS-SiO2 and CF-SiO2, respectively.
34
As described earlier by Bernal and Lopez-Real,60 there are a
number of numerous individual processes that could mean-
ingfully influence the ammonium ion adsorption on charged
surfaces. These include (i) diffusion of ammonia into or from
the atmosphere into the solution; (ii) intraparticle diffusion of
ammonia in the gaseous phase; (iii) adsorption of ammonia
gas on the solid surface including pores; (iv) equilibrium
between the ammonia gas and ammonia in the solution; (v)
chemical equilibrium between ammonia and the ammonium
ions; and (vi) adsorption of the ammonium equilibrium form
to the protonated adsorption sites.
In order to understand the mechanism leading to
ammonium adsorption and to determine the adsorption rate-
controlling step, a kinetic study was conducted.61 The study of
the influence of contact time between phases on the adsorption
showed that for LS-SiO2 the adsorption capacity increased
with time and the minimum required time was 15 min. In the
case of the CF-SiO2 composite, the highest extent of removal
of ammonium ions was reached after 5 min of contact of the
composite with the adsorbate solution at a chosen concen-
tration (Figure S8). The kinetic parameters were obtained
from the applied experimental data to the pseudo-first-order,
pseudo-second-order equations, and the intraparticle diffusion
model; also summarized in Table 2. The kinetic model fitting
plots are presented in Figure S9. It was found that the
adsorption kinetics for both composites could be well
described by the pseudo-second-order equation according to
high values of R2, which were found to be 0.997 and 0.978 for
LS-SiO2 and CF-SiO2, respectively. The equilibrium sorption
capacity (qe,cal) and the pseudo-second-order rate constant
Figure 9. (a) Determination of pHpzc and (b) comparison of
adsorption isotherms of ammonium ions by LS-SiO2, CF-SiO2,
Lewatit resin, biochar, and KL in the presence of electrolyte ions
(time of contact: 2 h; initial concentration of ammonium ions: 5−80
mg·L−1; sorbents dosage: 4 g·L−1; shaking rate: 180 rpm; temper-
ature: 22 °C).
Table 1. Isotherm Model Parameters Obtained for
Ammonium Ion Adsorption onto LS-SiO2, CF-SiO2, KL,






SiO2 CF-SiO2 KL biochar Lewatit
Langmuir
qm (mg·g−1) 8.99 4.84 5.20 8.40
KL (L·mg−1) 0.031 0.223 0.174 0.029
RL (L·mg−1) 0.139 0.082 0.035 0.462
R2 0.802 0.989 0.771 0.466 0.001
Freundlich
KF (mg·g−1) 3.03 1.64 1.10 26.27 2.98
1/n 0.771 0.256 0.472 1.357 1.116
R2 0.893 0.923 0.361 0.539 0.877
Temkin
bT (kJ·mol
−1) 1.326 22.25 1.797 1.234 0.570
KT (L·g
−1) 2.527 20.62 1.071 3.638 2.43
R2 0.959 0.344 0.394 0.822 0.841
aTime of contact: 2 h; initial concentration of ammonium ions: 5−80
mg·L−1; sorbents dosage: 4 g·L−1, shaking rate: 180 rpm; and
temperature: 22 °C.
Table 2. Kinetic Parameters for the Adsorption of
Ammonium Ions on LS-SiO2 and CF-SiO2 Composites in







pseudo-first order qe,cal (mg·g−1) 3.60 1.29
K1 (1·min−1) 0.007 0.001
R2 0.449 0.378
pseudo-second order qe,cal (mg·g−1) 0.27 0.01
K2 (g·mg−1·min−1) 1.664 12.92
R2 0.997 0.978
intraparticle diffusion model KIPD (mg·g−1·min−0.5) 0.03 0.02
C 0.062 0.184
R2 0.567 0.561
aInitial concentration of ammonium ions: 5 mg·L−1; sorbents dosage:
8 g·L−1; shaking rate: 180 rpm; and temperature: 22 °C.
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(K2) were determined from the slope and intercept of the
linear relationship t/qt vs t (Figure S9b). It was found that K2 is
higher for the CF-SiO2 composite (12.92 g·mg
−1·min−1).
According to the nonlinear plots qt vs t
0.5 (Figure S9b), the
chemical reaction controls mainly the rate of adsorption and
diffusion to a smaller degree. The obtained results based on the
kinetic study are in line with the previously published data
concerning the adsorption of ammonium ions; however, the
influence of the presence of Na2SO4 electrolyte solution in the
system results in the competition of the Na+ ions with the
NH4
+ ions.
Despite the fact that the short time of phase contact was
found to be beneficial for the system CF-SiO2/Na2SO4 and
longer time for the system LF-SiO2/Na2SO4, it was decided to
conduct the equilibrium study for both composites with a short
time of contact. This is more convenient for large-scale
applications where dynamic sorption is more convenient. The
obtained isotherms of adsorption were compared with the ones
with a longer-phase contact time (24 h) with or without the
presence of an electrolyte. It can be seen from Figure 10 that
the capacity of composites is higher for the systems without
the addition of an electrolyte: 7.7 mg·g−1 for the system LS-
SiO2/H2O/24 h and 9.5 mg·g
−1 for CF-SiO2/H2O/24 h. With
the addition of Na2SO4 to the system, the adsorption capacity
decreased. This effect could be connected to the change in the
ionic strength of the solution and to the competition of Na+
ions with the NH4
+ ions for the negatively charged adsorption
sites of the composite: −COOH and −OH of the lignin and
silica, respectively
During the first 5 min of contact with ammonium ions and
in the presence of the electrolyte salt in the system, it is
possible to remove 4.6 mg of ammonia by 1 g of the CF-SiO2
composite. Increasing the time of adsorption leads to sodium
ions occupying the adsorption sites of the composite material
and the adsorption of ammonium ions decreased. For the
systems with LS-SiO2 in the presence of Na2SO4, longer time
resulted in a higher capacity of the composite toward
ammonium ions (2.1 mg·g−1 after 24 h of contact); however,
during the 20 min of contact, it is possible to remove 0.62 mg
of ammonia by 1 g of the LS-SiO2 composite.
The Langmuir, Freundlich, and Temkin isotherm models
were applied to analyze the obtained data. The characteristic
parameters for each isotherm were determined from the fitting
plots (Figure S10) and are summarized in Table 3. The
experimental data obtained for the systems LS-SiO2/Na2SO4/
24 h and LS-SiO2/Na2SO4/20 min could be described well by
the monolayer Langmuir adsorption isotherm model (R2 =
0.906−0.999). The monolayer capacity (qm) was found to be
0.69 for the system with a short contact time (20 min) and
2.01 mg·g−1 for a long contact time (24 h). The favorability of
the adsorption was confirmed by the RL values ranging
between 0 and 1. The systems CF-SiO2/Na2SO4/5 min, CF-
SiO2/H2O/24 h, and LS-SiO2/H2O/24 h could be described
by the Freundlich isotherm model confirming more complex
multilayer adsorption, with a nonuniform distribution of
adsorption heat and affinities over the heterogeneous surface
(R2 ≥ 0.8). KF was found to be 1.24−3.46 mg·g−1. The heats of
adsorption (bT) of ammonium ions on the studied composites
were found to be in a range from 1.982 to 14.393 kJ·mol−1.
The binding energy for the interactions between the
adsorbents/adsorbates were 1.28−21.40 L·g−1 for LS-SiO2
and 12.45−53.45 L·g−1 for CF-SiO2. However, the R2
coefficient was found to be low for the Temkin isotherm
model (0.671−0.897).
In summary, the conducted adsorption study reveals that the
composites based on lignin and silica (LS-SiO2 and CF-SiO2)
are prospective sorbent materials for ammonium ions removal
from low to high concentrations in the presence of an
electrolyte with a short contact time, which is a crucial value
for dynamic sorption on an industrial scale. The adsorption
activity of LS-SiO2 is comparable to the synthetic resin Lewatit
in the range of low initial concentrations of ammonium ions,
whereas at low concentrations an adsorption capacity of the
CF-SiO2 material is much higher than for the resin even after
the addition of the supportive electrolyte to the system. This
allows us to assume that lignin-based sorbents are promising
alternatives to synthetic ion-exchangers. The CF-SiO2
Figure 10. Adsorption isotherms of ammonium ions with 0.1 M
Na2SO4 or deionized H2O at 22 °C (initial concentration of
ammonium ions: 0.5−25 mg·L−1; sorbent dosage: 4 g·L−1; shaking
rate: 180 rpm) with varying contact times.
Table 3. Isotherm Model Parameters Obtained for
Ammonium Ion Adsorption onto LS-SiO2 and CF-SiO2 at
22 °Ca
LS-SiO2 CF-SiO2
Na2SO4 Na2SO4 H2O Na2SO4 H2O
isotherm model/
parameter (20 min) (24 h) (24 h) (5 min) (24 h)
Langmuir
qm (mg·g−1) 0.69 2.01 12.9 5.22 10.36
KL (L·mg−1) 1.610 0.135 0.179 0.341 1.142
RL (L·mg−1) 0.003 0.035 0.034 0.018 0.017
R2 0.906 0.999 0.547 0.708 0.093
Freundlich
KF (mg·g−1) 3.23 1.47 1.52 1.24 3.46
1/n 0.474 0.267 0.7174 0.54 0.55




14.393 2.985 2.367 3.124 1.982
KT (L·g−1) 8.089 1.28 21.40 12.45 53.45
R2 0.897 0.869 0.671 0.811 0.683
aInitial concentration of ammonium ions: 0.5−25 mg·L−1; sorbents
dosage: 4 g·L−1; and shaking rate: 180 rpm.
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adsorbent was employed to adsorb the ammonia after
electrochemical treatment of real wastewater solutions
containing nitrates and nitrites. The adsorption of up to 87%
of ammonia was observed (Figure 11).
■ CONCLUSIONS
The electrochemical treatment of nitrate-containing real
wastewater has been demonstrated to reduce the concentration
below 1 mg·L−1 and selectively convert nitrate to ammonia at
−0.6 V vs RHE in 3 h with Cu NRs as electrocatalyst in the
presence of the Na2SO4 electrolyte. During the reduction
process, nitrite was only formed as an intermediate at a very
low concentration. Control experiments revealed that the
supporting electrolyte is essential to reduce nitrate electro-
chemically. Ammonia could be removed up to 87% from the
solution by the CF-SiO2 adsorbent. However, more experi-
ments are needed to obtain higher profitability such as the
optimization of Na2SO4 or the NH3 adsorption procedure,
including sorbent recycling. The recycling of the sulfate, which
could be realized by a cationic adsorbent, is also an additional
possibility. The biobased materials such as cellulose, chitin, and
chitosan have already shown promising results with other
anions.62−64
In conclusion, total denitrification of wastewater has been
realized by the combination of electroreduction and
adsorption. The materials used in this method are cheap and
abundant, and this easily scalable method enables the use of
electric current, which can be generated from renewable
resources, to reduce the amount of chemicals. This work not
only offers us an economic method to realize total
denitrification but also provides an exciting new orientation
toward the design of practical routes for wastewater treatment
with respect to circular nitrogen management.
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Figure 11. Concentrations of nitrate, nitrite, and ammonia after
combined electrocatalysis and adsorption. It should be noted that this
graph represents a new experiment with the adsorption step being
performed after the end of the CA.
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